ABSTRACT TAYLOR, MARTHA J. (Fort Detrick, Frederick, Md.), AND CURTIS B. THORNE. Concurrent changes in transducing efficiency and content of transforming deoxyribonucleic acid in Bacillus subtilis bacteriophage SP-10. J. Bacteriol. 91:81-88. 1966.-Spores of Bacillus subtilis W-23-Sr infected with transducing phage SP-10 served as convenient inocula for broth cultures from which transducing phage was harvested. Methods are described for producing highly infected spores. The inoculum level of infected spores in nutrient broth-yeast extract-glucose medium affected the transducing efficiency of SP-10 in lysates of these cultures. Phage in lysates of cultures inoculated with about 105 or fewer spores per milliliter transduced 20-to 350-fold more efficiently than did phage in lysates from cultures inoculated with 106 to 107 spores per milliliter. Transduction frequencies in the order of 10-5 per plaque-forming unit were obtained routinely, and some infected-spore preparations yielded phage that gave frequencies as high as 10-4. The combination of inoculum level and incubation time required to produce the best transducing phage had to be determined empirically for each batch of infected spores. Several possible explanations for the difference between lysates having high (HTE) and those having low (LTE) transducing efficiency were ruled out by special experiments. The hypothesis is presented that some cultural condition resulting from a relatively low inoculum of phage-infected spores favors the incorporation by phage particles of bacterial deoxyribonucleic acid (DNA) in the manner required for the production of transducing phage. Support for this hypothesis is a demonstration, through transformation experiments with DNA extracted from HTE and LTE phage particles, that populations of HTE phage particles yielded significantly more (7 to 27 times) transforming activity per microgram of DNA than did populations of LTE phage.
that the titer of plaque-forming units (PFU) in a preparation of phage provides no indication of its transducing capacity compared with that of another preparation of the same phage species (2, 6, 9, 11, 13) . Our (9) provided evidence that infection of B. subtilis with phage SP-10 of Thorne (15) or PBS2 of Takahashi (13) results, to quote Bott and Strauss (3) , "in the incorpora-81 tion of bacterial DNA into a nucleoprotein particle without integration of phage and bacterial DNA." Okubo et al. (11) had inferred that the phage-incorporated bacterial deoxyribonucleic acid (DNA) was the DNA responsible for transduction mediated by SP-10.
Bott and Strauss (3) demonstrated that the relationship between phage SP-10 and B. subtilis W-23-Sr was of the nature characterized by Lwoff (8) as pseudolysogeny or the "carrier state," and showed that release of SP-10 from carrier spore cultures followed the pattern of lytically infected cultures and not that of lysogenic cultures. They described certain population differences that developed among carrier spore cultures prepared by picking bacteria from the TAYLOR AND THORNE center of a turbid SP-10 plaque and purifying through at least six successive single-colony cultures.
Thome (15) infected a culture of W-23-Sr with SP-10 and prepared spore suspensions from 17 isolated phage-producing colonies. The tests made then indicated a state of stable lysogeny. Most of the phage preparations used in the studies reported by Thorne were derived from one of these infected cultures, W-23-Sr-L9. Somewhat later, in attempting to prepare fresh stocks of W-23-Sr-L9, we failed to reproduce consistently the original high frequencies of infection and of transduction, and encountered population differences among cultures of infected spores similar to those reported by Bott and Strauss (3) . Variations in transducing efficiency occurred among populations of SP-10 when the only experimental variable was the number of spores from a highly infected stock inoculated per milliliter of broth medium used to obtain phage. These variations and a method for preparing SP-10 of high transducing efficency (HTE) are reported here along with a demonstation that phage populations so produced yielded more bacterial DNA (transforming activity) per microgram of total DNA extractable from phage particles than did phage populations with low transducing efficiency (LTE) obtained from cultures started with larger inocula of the same spores.
MATERIALS AND METHODS
Organisms. The strains of B. subtilis were W-23-Sr (a streptomycin-resistant mutant of wild-type W-23) obtained from Maurice Fox; five auxotrophic mutants of W-23-Sr isolated by Thorne (15) and designated M4 (histidine-), M6 (leucine-), M7 (adenine-), M24 (methionine-), M25 (homoserine-), and M26 (isoleucine-); and strain 168 (indole-) obtained from John Spizizen.
The two type A turbid-plaque centers, from which the phage-yielding spores used in this report were prepared, were from two indistinguishable populations of SP-10 descended from the single-plaque-purified derivatives of preparations I and III described by Taylor and Thorne (14) .
Media and cultural conditions. All media were pre- Corp., Cleveland, Ohio). The salts (with the L-glutamic acid and without FeCl3 6H20), and the agar, were prepared separately at double concentration, autoclaved, and stored at 4 C. For use, the two preparations were heated in flowing steam until the agar was melted, combined immediately, and cooled to 46 C. Glucose and FeCl3-6H20, as well as Casamino Acids or casein hydrolysate when required, were then added aseptically.
Uninfected spore stocks of all strains of B. subtilis were produced in potato medium (15) with MnSO4' H20 (0.05 g per liter) added. Strain 168 spore stocks were sometimes produced in PA broth. Sporulation was more nearly complete and yields were better in potato medium, but spores from either medium served equally well as inocula for growing recipient cells.
Infected spore stocks were prepared by inoculating PA broth (50 ml/250-ml flask) with a few cells from the center of a turbid SP-10 plaque formed in a W-23-Sr lawn and incubating on a shaker at 37 C for 72 to 96 hr. The spores were concentrated in mother liquor by centrifugation, heated for 60 min at 65 C, and stored at 4 C. When heated spores were plated on NBY agar, the proportion of infected spores was apparent from the proportion of colonies developing the phenotype associated with SP-10 infection. Replenishment of these stocks by recycling was accomplished by inoculating PA broth with very large (107 spores per milliliter) or very small (10 spores per milliliter) numbers of the infected spores and then proceeding as above.
Transduction and transformation. Cells for transduction were grown according to Thorne (15) except that glycerol (5 g per liter) was substituted for glucose in the minimal salts-yeast extract broth used for growing W-23-Sr auxotrophs. Transduction tests followed the procedure of Thorne (15) for strain 168, and of Taylor and Thorne (14) for W-23-Sr mutants. Samples of the latter were always plated in mixture with an equal volume of SP-10 antiserum to insure maximal yields of transductants. Plating with antiserum did not inincrease the yield of transductants from strain 168 (14) .
Cells of strain 168 for transformation were shaken at 37 C in the liquid growth medium described by Anagnostopoulos and Spizizen (1) except that N-Z-Case (Sheffield) (0.2 g per liter) was substituted for casein hydrolysate (acid). About 5 X 108 cells (0.8 ml) of a 6.5-hr culture were shaken for 40 min Mith 0.1 ml of DNA. DNA uptake was sometimes terminated by incubation with 5 ,g of deoxyribonuclease for an additional 15 min before plating. If deoxyribonuclease was not added, transformation with DNA extracted from phage sometimes continued on the plates, because low yields of transformants necessitated plating at low dilutions. Recipient cells were enumerated by dilution and plating on NBY agar simultaneously with removal of samples for incubation with DNA. As reversion and contamination con-trols, samples of recipient cells were incubated with DNA that had been inactivated with deoxyribonuclease (15) .
Transduction and transformation mixtures were assayed for prototrophs by spreading 0.1-ml samples in duplicate or triplicate on minimal agar. The final scoring of prototrophs was done after 2 days of incubation at 37 C for strain 168 and after 5 days for W-23-Sr mutants.
Propagation ofphage. Phage for transduction and for DNA extraction was produced in NBYG broth inoculated with infected spores, and incubated at 37 C on a reciprocal shaker (100 excursions per min with stroke of 8.5 cm). The volume of the broth was one-fifth that for which the Erlenmeyer flask was rated. The inoculum levels and incubation times were varied as indicated under Results. All cultures were centrifuged for about 30 min at 5,000 to 7,000 rev/min to facilitate filtration. Small amounts of supernatant liquid were filtered through ultrafine fritted glass, and large amounts through two successive Millipore membranes (AA followed by DA). Such filtrates from cultures of infected spores are referred to as lysates. Lysates to be tested for transduction were usually treated with deoxyribonuclease and stored frozen with glycerol (14) . When concentrated phage was required, it was harvested from a lysate by centrifugation in the Servall centrifuge at 13,000 to 18,000 rev/min for 2 hr. The pellet was then suspended in peptone diluent containing glycerol (15%, v/v) and frozen at -15 C. Treatment of concentrated phage with deoxyribonuclease was delayed until just before the transduction test.
Phage for each DNA extraction was produced in ten 200-ml cultures. A small sample of pooled lysate was treated as described above for use in transduction tests so that assays for transducing efficiency could be made simultaneously on several lysates. The remainder from each 2,000-ml batch was treated for 1 to 2 hr at 37 C with deoxyribonuclease (0.01 Ag/ml), ribonuclease (0.05 ,ug/ml), and MgSO4*7H20 (0.005 M), and was then centrifuged at 17,000 rev/min for 2 hr in the no. 21 head of the Spinco model L centrifuge. After the supernatant fluid was discarded, the tubes and pellets were rinsed with the magnesium-citratephosphate buffer recommended by Romig (12) . The pellets were then suspended in small amounts of buffer and collected in one tube. The phage thus obtained, which represented a 150-to 300-fold concentration of the lysate, was stored at 4 C for DNA extraction the following day.
Assay of phage. Titration for PFU followed Thorne's (15) procedure. Phage preparations were usually titrated before, and always after, frozen storage.
DNA. The procedure of Romig (12) for the extraction of DNA from phage was modified at several points. Phenol (B & A Quality Reagent A.C.S. from Allied Chemical Corp.) was liquefied by shaking in chilled distilled water and was held at 4 C to obtain water-saturated phenol. The phage suspension, after standing overnight, was agitated on the Vortex Jr. mixer (Scientific Industries, Inc., Queens Village, N.Y.) and was centrifuged lightly to remove remaining clumps. The suspension was extracted with phenol three times, and after the last extraction phenol was removed by dialysis against several changes of the magnesium-citrate-phosphate buffer until a test, based on Lowry et al. (7), indicated less than 1 part of phenol in 104 parts of buffer. All the above manipulations were at 4 C. Sodium chloride (5 M) was added to the DNA solution to give a concentration of 2 M for storage at 4 C. Portions of each DNA preparation were spread on NBY agar plates to test for contaminating bacteria, and were mixed with W-23-Sr spores in a soft PA agar layer to determine whether any SP-10 remained intact.
Bacterial DNA was prepared from W-23-Sr cells by the procedure of Gwinn and Thorne (5) .
DNA was assayed by the Burton (4) technique. These preparations were adjusted with 2 M NaCl just before each transformation experiment to provide the desired amount of DNA in each 0.1 ml that was tested for transforming activity.
Deoxyribonuclease and ribonuclease. These were crystallized products of Worthington Biochemical Corp., Freehold, N.J.
Phage antiserum. Antiserum to SP-10 was from one of the rabbits described by Taylor and Thorne (14) .
Test for phage adsorption. Adsorption of phage to bacteria was studied by counting (after centrifugation and filtration to remove bacteria and adsorbed phage) the number of PFU that had not attached to bacteria during the 45-min incubation of transduction mixtures, and by comparing this number with the number of PFU in control vials of phage incubated in filtrates from recipient cell cultures. of phage to cells of 0.5 to 0.9, for adsorption of phage to bacteria, ability to kill, and transducing efficiency. With each of the four combinations of cells and phage, more than 99% of phage was adsorbed; there was no killing of M4 cells by either lysate, and the small proportions of 168 cells killed by the two lysates differed insignificantly; the differences in transducing efficiencies of the two lysates were 13-fold for M4 and 16-fold for 168. It is clear that neither differential adsorption nor differential killing of cells can explain the major differences observed in transducing efficiencies associated with HTE and LTE lysates.
RESULTS

Preparation ofSP-
To determine whether the above difference in transducing efficiencies between phage preparations from high and low inoculum levels of spores was limited to the indole and histidine markers, Tables 2 and 3 , with volumes varied to give 7.6 X 101 PFU per milliliter in mixture with each of the first five strains. For M26 there were 2.9 X 108 PFU of HTE and 6.9 X 109 PFU of LTE SP-10 per milliliter of transduction mixture.
we tested five auxotrophs of W-23-Sr, in addition to M4 (his-), representing scattered sites on the B. subtilis chromosome (10) . Table 4 shows the responses of these mutants to the same phage preparations used for the experiments of Tables  2 and 3 . The similar response of all six auxotrophs indicates that there was no selection of markers for efficient transduction and that transduction of the histidine marker, for which all lysates were tested, is typical of transduction in strain W-23-Sr.
Transforming DNA from phage populations of high and low transducing efficiencies. DNA was extracted from the concentrated particles of SP-10 harvested from two pairs of lysates. One TAYLOR AND THORNE lysate of each pair was produced from low-and one from high-level inoculum of the same spore preparation. These two pairs were inoculated from the two batches of infected spores identified as no. 418 and no. 352. The lines of SP-10 they carried had been maintained as independent sublines for 4 years through a variety of single plaque, single colony, and mass spore cultures. Pertinent information for these lysates is given in Tables 5 and 6 . The low yields of PFU in lysates from no. 352 are not understood but did not alter the usefulness of these phage populations for this study. The pattern of HTE and LTE resulting from low and high levels of inoculum of these spores was the same with two additional pairs of lysates from this batch, although one pair repeated the low PFU titers and the other had titers comparable with those from no. 339 and no. 418 spores Table 7 gives the results of tests for transforming activity with DNA extracted from HTE and LTE SP-10 compared with DNA extracted from B. subtilis W-23-Sr. Inclusion of tests with the W-23-Sr DNA provided a control on competence of recipient cells in each experiment. The ratios The inoculum level is an influential factor in determining the transducing efficiency of phage SP-10 released during growth of cultures started from infected spores. There appears to be an inoculum level for any given spore population below which one must go to produce good transducing phage, although higher inocula may give equal or higher yields of phage.
Several workers have investigated phage production. Okubo et al. (11) and Mahler et al. (9) reported that the bacterial DNA contained within phages SP-10 and PBS2 is responsible for Table 5 for characterization of these SP-10 lysates and Table 7 for transforming activity in the DNA extracted from the phage particles. 
